INTRODUCTION
Naturally occurring radioactivity in the marine environment is most generally considered to be due to weathering and mineral recycling of terrestrial rocks, although inadvertent enhancement of such radioactivity resulting from non-nuclear fuel cycle industry processes (see below) could also potentially contribute to the inventory of marine naturally occurring radioactivity. Seabed movements arising from undersea earthquakes have also been considered as a possible mechanism that can bring about changes in the balance of naturally occurring radioactivity in sea water, sediment and sand (1) . Thus, subsequent to the 2004 'Boxing day' Sumatra-Andaman earthquake (the epicentre being off the west coast of Sumatra) and associated tsunami, Malain et al.
(1) conducted a study of natural radioactivity concentrations along the Andaman coast of southern Thailand and also along the unexposed south east coast of the country. Although the concentration levels were found to be comparable along both coasts, other such events may produce measurable changes.
The decay products from the parent radionuclide of each of the three prevailing natural decay chains, Ra, all alpha emitters, each ending up in ground-, water-, air-and biological systems. Typically the radioactive materials will manifest in riverine systems, to be subsequently mobilised in sea water and accumulated in marine products. Marine organisms such as filter-feeders have rather greater capacity for bioaccumulating radionuclides and toxic elements from water relative to other marine life (2, 3) and are therefore useful samples for indicating change in the radioactive balance. As previously introduced, human activities can also contribute to naturally occurring radioactive material (NORM) in a marine environment. It is known, for instance, that oil and gas industries produce wastes that can sometimes contain significant amounts of accumulated NORM, commonly referred to as technologically enhanced NORM (TENORM); see, for instance, refs (4, 5) . Most of the TENORM from upstream oil and gas production activities ends up in the large volumes of produced water, sometimes in the form of a complex of barium-and radium-bearing sulphates that are insoluble in sea water, the produced water being discharged into the sea after treatment, most particularly in the case of offshore oil and gas exploitation (6) . In addition to concerns surrounding the appearance of enhanced levels of NORM in the environment, the use of nuclear weapons towards the end of the Second World War, subsequent atmospheric testing of devices for the development of such weapons and nuclear accidents have all been known to introduce substantial amounts of artificial radionuclides into the seas. In particular, the fission product 137 Cs, being long-lived (with a half-life 30 y), can be used as an important anthropogenic radioactive pollution indicator. As an example, it has been estimated that some 85 PBq of 137 Cs was released into the atmosphere during the Chernobyl nuclear accident (7, 8) .
Most of the radioactive decay products are gamma emitters, a major source of external radiation. Conversely, the alpha emitters will form the predominant means of internal exposure. þ and K-capture), all pose considerable problems because of their high solubility and mobility. Malaysia, being surrounded to a great extent by sea, relies heavily on seafood as the main source of protein. Therefore, the objectives of this study have been to determine the impact of seafood intake upon annual exposure and also to establish baseline data for the presence of NORM and 137 Cs in the marine environment.
METHODOLOGY
The samples were collected over a period of 4 months, from November 2010 to February 2011, some weeks prior to the devastating 2011 Tō hoku earthquake and associated tsunami, the occurrence of which precipitated the Fukushima Daiichi nuclear power plant accident that began on 11 March 2011. The seafood has been classified as fish, molluscs and crustaceans, varieties popular with local communities being selected and bought directly from fisherman at the landing jetty. The catch locations, all off the east coast of peninsular Malaysia, were indicated by the fishermen. Using a 10 l plastic container, sea water was collected at an approximate depth of 1 m from the surface, 0 -50 km offshore. The sediments, obtained at various distances from the shoreline, off the town of Kuala Terengganu on the east coast of peninsular Malaysia, were obtained using a homemade scoop.
The seafood samples were cleaned, separating them from sand, gravel and vegetation, washed with distilled water in the laboratory and chopped into smaller sizes. The samples were then oven dried at 808C to a constant weight before being sealed in 500 ml Marinelli beakers. The sea water was evaporated to half the original volume, before being sealed in a 500 ml Marinelli beaker. Devoid of any treatment, an approximate 500 g of the sediments were used for counting, all samples being sealed for approximately 30 d to achieve secular equilibrium between parents and respective progenies before counting. Counting was performed using a high-resolution HpGe (Tennelec) gamma-ray spectrometer. The system is routinely calibrated using multi-nuclides in a Marinelli beaker, the assembly and its contents being traceable to the National Institute of Standards and Technology, Gaithersburg. All the samples were counted for a period of 80-100 ks (i.e. 24 h). Additionally, background spectra for 80-100 ks were collected every week of the counting period, and the background counts were subtracted from the region of interest (9) . K and the artificial 137 Cs radionuclide were calculated using the following formula (10) :
where A is the specific activity in Bq kg
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, CPS is the net counts per second obtained with the experimental sample, W is the weight of the sample in g, 1 g is the efficiency of the gamma-ray spectrometer at the respective gamma-ray energy and I g is the intensity of the corresponding gamma-ray energy. In these measurements, all of the contributing uncertainties were considered to be independent. Consequently, they were added in quadrature to obtain the total uncertainties. The combined uncertainty in each sample activity was estimated by considering the following uncertainties: statistical uncertainty of the gammaray counting (0.5 -10 %); uncertainties in the detection efficiency ( 4 %); uncertainties in sample weight ( 1.5 %); and uncertainty in gamma-ray intensity ( 1 %). The overall uncertainties of the measured activities were in the range of 4.4-10.9 %. Assessed radioactivities together with the uncertainties are presented in Tables 2 and 3 .
As the activities of parents and respective decay products are considered to be equal under the condition of secular equilibrium, the total activity concentrations (TACs) in individual samples can be calculated by multiplying the determined activity of nuclides of interest with the total number of progenies within a particular decay series (11) . The multipliers 10 and 14 represent the total number of build-up radionuclides within the 232 Th and 238 U decay series, respectively. In this case, the presence of naturally occurring radionuclides is said to be 'supported' by the longlived primordial parent radionuclides.
Depending upon details of a given environment or industrial process, the presence of naturally occurring radionuclides may also be 'unsupported' by the long-lived primordial parent radionuclides. As an instance, the processing of materials containing NORM via mechanical, chemical or thermal treatment methods can disrupt the radioactive equilibrium due to the separation of different radionuclides into various process streams. Once separated from the primordial parents, the longer-lived radionuclides of the uranium and thorium series can form their own sub-series, headed by 226 Ra and 228 Ra. In such a situation, TACs are considered to be 'unsupported' by the long-lived primordial radionuclides U and Th (i.e. U and Th remain in situ), and can be calculated (12) Th ( 228 Ra) and 40 K in different combinations. The transformation of activity into radium equivalent activity (13) , Ra eq , was performed using the following equation:
C Th þ 10 130
where C Ra , C Th and C K are the specific activities of 226 K in isolation produces the same gamma dose equivalent.
RESULTS AND DISCUSSION
The activity concentrations determined for the naturally occurring radionuclides 228 Ra, 226 Ra,
40
K in seafood are detailed in Table 2 . The greatest observed concentrations were those for kerang and (3)) Supported (Equation (2) The single value above each pair of brackets is the mean value while the total activity (supported and unsupported) arises from use of the mean values and formulae (2) and (3), respectively.
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'kepah', the activity ranging from 3.8 to 5. . Pari (skate), molluscs and crabs, all sea bottom organisms, also recorded relatively large concentrations of radioactivity when compared with the other sampled species. In marine organisms, anthropogenic 137 Cs was non-detectable in all cases. Present results are generally similar to those from studies in other parts of the world (14) , one exception being the detected presence by several others of 137 Cs in marine organisms (14, 15) . Naturally occurring 226 Ra and 228 Ra radionuclides were typically undetected in sea water ( Detection of NORM as well as artificial 137 Cs in sediment finds significance as an indicator of mobility and solubility of radionuclides in water. With regard to results from the analysed sediment samples (Table 3) , the activities of naturally occurring 226 Ra, 228 Ra and primordial 40 K radionuclides appear to increase with distance offshore and with depth. At 20 and 50 km offshore, the anthropogenic radionuclide 137 Cs has been detected (may or may not be a remnant of atomic bomb testing), sediment at depths being much less disturbed by currents than sediment in shallower water.
CONCLUSION
The present study has provided baseline data for the South China Sea marine environments bordering the east coast of Peninsular Malaysia, in particular for the naturally occurring radionuclides:
226 Ra, 228 Ra, 40 K radionuclides, and also for the artificial radionuclide 137 Cs. Typically the activity concentrations in marine life have been found to be relatively low when compared against values for molluscs and several other sea bottom living organisms, including pari (skate). 226 Ra and 228 Ra were only detected in sea water obtained 50 km offshore, potentially a result of produced water from offshore oil and gas production facilities. A positive correlation between the detected activities of naturally occurring radionuclides with distance offshore and also depth below sea level was observed for the sediment samples. The presence of 137 Cs, an anthropogenic radionuclide, was detected in deep sea sediment only. In no case were activity concentrations at levels that might be a cause for concern. Seafood is a major dietary item in peninsular Malaysia and hence the data presented herein should be considered useful in assessing the Table 3 . Activity concentration and radium-equivalent activity in seawater and sediments in Bq l Cs contribution was neglected in calculations of TACs for both the supported and unsupported cases. 
